Introduction {#s1}
============

Lung cancer is the one of the most frequent neoplasm worldwide, comprising 17% of the total new cancer cases and 23% of the total cancer deaths in males [@pone.0048748-Jemal1]. Treatment of lung cancer is determined by the histologic type and stage at diagnosis, and mainly includes surgery, platinum doublet therapy, radiation therapy and targeted therapy, with an only 15% of five-year overall survival rate for all stages combined [@pone.0048748-Herbst1]. The epidermal growth factor receptor (EGFR)-targeting agents including EGFR-specific antibodies and tyrosine kinase inhibitors (TKIs) such as gefitinib and erlotinib, benefit a proportion of patients especially those never-smoke and of Asian origin [@pone.0048748-Lynch1]--[@pone.0048748-Shepherd1]. However, treatment with gefitinib and erlotinib will eventually fail because of the development of acquired drug resistance resulting from amplification of the MET proto-oncogene or the threonine-to-methionine amino acid substitution at position 790 (T790M) of EGFR, which is detected in 50% of clinically resistant patients [@pone.0048748-Pao1], [@pone.0048748-Kobayashi1]. The T790M mutation in EGFR affects the gatekeeper residue in the catalytic domain of the kinase that weakens the interaction of the inhibitors with the target [@pone.0048748-Pao1]. Recent studies show that T790M mutation is a "generic" resistance mutation that will reduce the potency of any ATP-competitive kinase inhibitor [@pone.0048748-Yun1]. In T790M EGFR-harboring cells, inhibition of EGFR by currently available second-generation EGFR-TKIs is not sufficient to physiologically prevent the emergence of cells that are still dependent on EGFR signaling [@pone.0048748-Kim1]. Therefore, strategies to overcome EGFR TKI resistance remain practical needs in order to prolong survival time of patients with lung cancer.

Evading apoptosis is one of the hallmarks of cancer, and targeting apoptosis has become a cancer therapeutic strategy [@pone.0048748-Hanahan1]. The critical apoptosis regulators, B cell CLL/lymphoma-2 (BCL-2) and its family proteins, can be divided into pro- and anti-apoptotic members, and the pro-apoptotic proteins can be subdivided into proapoptotic proteins and BH3-only subfamilies, based on their structural similarity of various Bcl-2 homology (BH) domains [@pone.0048748-Chipuk1], [@pone.0048748-Youle1]. Noxa is a BH3-only protein that is implicated in apoptosis associated with DNA damage, hypoxia or exposure to proteasome inhibitors [@pone.0048748-PerezGalan1]--[@pone.0048748-Sheridan1]. Expression of Noxa in Hela cells strongly promotes cell apoptosis, while blocking the endogenous Noxa suppresses programmed cell death [@pone.0048748-Oda1]. Accumulation of Noxa sensitizes apoptosis by binding to and neutralizing the antiapoptotic protein Mcl-1, leading to release and subsequent activation of Bax (BCL2-associated X protein) or BAK (BCL2-antagonist/killer) from Bax/Bak-Mcl-1 complex [@pone.0048748-PerezGalan1], [@pone.0048748-Schuler1], [@pone.0048748-Willis1]. In addition to its role in apoptosis, Noxa also regulates diverse cellular functions in autophagic cell death and metabolism [@pone.0048748-Lowman1], [@pone.0048748-Elgendy1]. Apoptosis-associated Noxa activation is primarily achieved through transcriptional upregulation by p53, E2F1, HIF1α, c-Myc, ATF3, and extracellular signal regulated kinase (Erk) pathway [@pone.0048748-Kim2]--[@pone.0048748-Oda1], [@pone.0048748-Hershko1]--[@pone.0048748-Wang1]. However, the identity of the critical BH3-only proteins and the mechanism of their action following treatment by diverse apoptotic stimuli remain to be fully resolved.

To screen for the agents to overcome gefitinib-resistance, we here synthesized a number of novel gefitinib structural analogues and tested their inhibitory effects on EGFR kinase activity and proliferation of NCI-H1975 cells [@pone.0048748-Phelps1] which harbor L858R/T790M-EGFR [@pone.0048748-Pao1], [@pone.0048748-Kobayashi1], [@pone.0048748-Sordella1] and wild-type MET without genomic amplification [@pone.0048748-Tang1] that are resistant to gefitinib and erlotinib. We found a gefitinib mimetic, N-(2-bromo-5-(trifluoromethyl)phenyl)-6-methoxy-7-(3- (piperidin-1-yl)propoxy)quinazolin-4-amine (hereafter, V1801), moderately inhibited EGFR kinase activity but significantly suppressed cell proliferation and induced apoptosis in T790M EGFR-harboring non-small cell lung cancer (NSCLC) cells in vitro and in vivo. We further showed that up-regulation of Noxa underlain V1801\'s activity on NSCLC cells.

Materials and Methods {#s2}
=====================

Agents {#s2a}
------

The gefitinib analogues ([Table 1](#pone-0048748-t001){ref-type="table"}) were synthesized by our chemistry group, and the *N*-(3-chloro-4-fluoro-phenyl)-7-methoxy-6-(3-morpholin-4-ylpropoxy) quinazolin-4-amine (gefitinib) was purchased from J&K Chemical Ltd. All the compounds were dissolved in dimethylsulfoxide (DMSO) to make stock concentration of 10 mM and kept at −20°C. The 3-(4,5-dimethylthiahiazozy1)-3,5-di-phenytetrazoliumromide (MTT) was purchased from Sigma. Bortezomib was attained from Millennium Pharmaceuticals Inc. The Annexin V/propidium iodide (PI) Apoptosis Detection kit was obtained from BD Biosciences (San Jose, CA, USA).
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###### Cytotoxicity against NCI-H1975 cancer cell line and EGFR inhibitory activity of Gefitinib and its analogues.

![](pone.0048748.t001){#pone-0048748-t001-1}

  Compounds    Structure   Molecular weight    IC~50~    
  ----------- ----------- ------------------ ----------- ---------
  Gefitinib                     446.9           \>10       11.2
  V1801                         538.1            3.0       701.9
  V1802                         538.1            7.8       622.7
  V1803                         538.2         Insoluble     --
  V1804                         500.2           \>10      2001.6
  V1805                         478.2           \>10       119.6
  V1806                         493.2           \>10      \>10000
  V1807                         528.2            7.5      \>10000
  V1808                         494.1           18.2      2665.8
  V1301                         452.1           \>10      \>10000
  V1302                         562.2           \>10      \>10000
  V1303                         479.1           \>10      \>10000
  V1304                         409.1            ND       \>10000
  V1305                         496.1            ND       \>10000
  V1306                         480.2            ND       \>10000

ND: Not determined.

Antibodies {#s2b}
----------

The antibodies used in this study were as follows: anti-β-Actin (Sigma); anti-Casp-9 (C9), anti-Casp-8 (1C12), anti-Casp-3 (3G2), anti-PARP, anti-phospho-p44/42 MAPK, anti-EGFR (L858R), anti-STAT3, anti-phospho-STAT3 (Cell signaling); anti-c-Myc, anti-Noxa, anti-phospho-EGFR (Y1173), anti-pAKT and AKT (Santa Cruz Biotechnology); anti-ERK2 (Abcam); anti-rabbit or anti-mouse HRP-conjugated secondary antibody (Pierce). Detection was performed by using a Chemiluminescent Western detection kit (Cell Signaling).

Cell culture {#s2c}
------------

The lung cancer cell lines NCI-H1975, A549 and HCC827 were obtained from the American Tissue Culture Collection. A549 cells were cultured in Dulbecco modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS; Gibco/BRL, Grand Island, NY), 100 U/ml penicillin, 100 mg/ml streptomycin. NCI-H1975 and HCC827 cells were cultured in RPMI 1640 supplemented with 10% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin.

RNA preparation and RT--PCR {#s2d}
---------------------------

The total RNA of the cells was isolated using the TRIZOL Reagent (Invitrogen) and the phenol-chloroform extraction method according to the manufacturer\'s instruction. Total RNA (2 µg) was annealed with random primers at 65°C for 5 min. The cDNA was synthesized using a 1st-STRAND cDNA Synthesis Kit (Fermentas). For PCR amplification, primers are as follows: Actin, forward primer: 5′-CTCCTCCTGAGCGCAAGTACTC′-3′, reverse primer: 5′-TCCTGCTTGCTGATCCACATC′-3′; Puma, forward primer: 5′-GTCCTCAGCCCTCGCTCT-3′; reverse primer: 5′-CTAATTGGGCTCCATCTCG-3′; Bim, forward primer: 5′-GCCCCTACCTCCCTACAGAC-3′; reverse primer: 5′-ATGGTGGTGGCCATACAAAT-3′; Bcl-xl, forward primer: 5′-GGTGGGAGGGTAGAGTGGATGGT-3′; reverse primer: 5′-GGAAAGCGTAGACAAGGAGATGC-3′; Mcl-1, forward primer: 5′-CACGAGACGGTCTTCCAAGGCATGCT-3′; reverse primer: 5′-CTAGGTTGCTAGGGTGCAACTCTAGGA-3′; Noxa, forward primer: 5′-AAGAAGGCGCGCAAGAAC-3′; reverse primer: 5′-CGTGCACCTCCTGAGAAAAC-3′.

Western blot assay {#s2e}
------------------

Cells were suspended in lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM Na~3~VO~4~, 1 mM NaF, 1 mM EDTA, 1 mM PMSF, complete protease inhibitor cocktail) and cleared by centrifugation to obtain whole-cell lysates. Equal amounts of samples were separated by SDS-PAGE, transferred to nitrocellulose and immunoblotted with antibody indicated [@pone.0048748-Fang1].

Preparation of cytoplasmic fractions {#s2f}
------------------------------------

For the detection of cytochrome c released from the mitochondria, cytoplasmic fractions were collected from NCI-H1975 cells after incubation with 0.1 mg/ml digitonin for 3 min at 37°C in Cytosol Lysis Buffer (0.01% digitonin, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, protease inhibitors cocktails in 1×PBS at pH 7.4). After centrifugation, aliquots of the supernatant (cytoplasmic fraction) and the pellet containing the mitochondria were analyzed by Western blotting.

Assessment of cell proliferation and apoptosis {#s2g}
----------------------------------------------

Cells were treated with V1801 or gefitinib for indicated concentrations and time points. Cell proliferation was determined using MTT assay. Cell viability was estimated by trypan blue dye exclusion [@pone.0048748-Fang1]. Externalization of phosphatidylserine was tested using an Annexin V/PI Apoptosis Detection kit (BD Biosciences, San Jose, CA) according to manufacturer\'s instruction. After staining with Hoechst 33258 at 10 µg/ml for 10 min, cell death was assessed by a fluorescence microscope (Leica).

In vitro EGFR kinase assays {#s2h}
---------------------------

In vitro kinase inhibitory ability was determined using the ADP-Glo™ Kinase Assay Kit and EGFR Kinase Enzyme System (Promega), following the manufacturer\'s instructions.

siRNA assays {#s2i}
------------

Using HiPerFect Transfection Reagent (Qiagen, Crawley, UK) according to the manufacturer\'s protocol, cells were transfected with 100 nM double-stranded siRNA oligonucleotides. The siRNA sequences were 5′-GGUGCACGUUUCAUCAAUU-3′ (Noxa siRNA1), 5′-AACUUCCGGCAGAAACUUC-3′ (Noxa siRNA2), and 5′-UUCUCCGAACGUGUCACGUTT-3′ (negative control (NC) siRNA), 5′-CAGAAATGTCCTGAGCAAT-3′ (c-Myc siRNA1), 5′-AAGGTCAGAGTCTGGATCACC-3′ (c-Myc siRNA2).

Clonogenic assay {#s2j}
----------------

After incubation with V1801 (3 µM) or gefitinib (3 µM) for 12 h, a soft-agar colony assay was performed. To this end, trypsinized cells were suspended in RPMI 1640 medium containing 10% FBS and low-melting-point 0.3% agarose (Amresco, Solon, OH) and subsequently overlaid onto a solidified layer of RPMI 1640 medium containing 10% FBS and 0.6% agarose in 35 mm plate (5,000 cells/plate) in triplicate. After 2 weeks, the colonies were fixed in 90% ethanol and stained with 0.005% crystal violet (Sigma). The colony forming units with more than 100 cells were counted using a light microscope [@pone.0048748-Ma1].

Combination index {#s2k}
-----------------

The interaction between compounds was quantified by determining the combination index (CI) calculated by the Chou--Talalay equation [@pone.0048748-Hu1], [@pone.0048748-Chou1]. The general equation for the classic isobologram is given by: CI = (D)1/(Dx)1+(D)2/(Dx)2. Where Dx indicates the dose of one compound alone required to produce an effect, (D)1 and (D)2 are the doses of compounds 1 and 2, respectively, necessary to produce the same effect in combination. From this analysis, the combined effects of the two compounds can be summarized as follows: CI\<1 indicates synergism; CI = 1 indicates additive effect; and CI\>1 indicates antagonism.

Murine models {#s2l}
-------------

All animal studies were conducted according to protocols approved by the Animal Ethics Committee of the Institute of Zoology, Chinese Academy of Sciences, with the approval ID of AEC2011030205. All mice used in this study were bred and maintained in a specific pathogen-free environment. NCI-H1975 cells (2.5×10^6^) were injected subcutaneously into the right flank of nude mice. When tumor reached a palpable size, animals were randomized into 3 groups (n = 11 for each group) and treated with V1801 (30 mg/kg/day), gefitinib (30 mg/kg/day) or vehicle control for 3 weeks. Animals were sacrificed when tumors reached 2 cm or if the mice appeared moribund to prevent unnecessary morbidity to the mice. At the time of the animals\' death, tumors were excised; cells were separated and lyzed for Western blotting using anti-Noxa antibody and anti-Actin antibodies. Noxa expression was then quantified by densitometry analysis and normalized against Actin expression.

Statistical analysis {#s2m}
--------------------

All experiments were repeated at least three times and the data were presented as the mean±SD unless noted otherwise. *P* values less than 0.05 indicate statistical significance.

Results {#s3}
=======

Effects of gefitinib mimetics on lung cancer cells and EGFR kinase activity {#s3a}
---------------------------------------------------------------------------

In this work, fourteen gefitinib analogues were synthesized by exchanging the positions of the C5 and C6 substituents and varying the C4-amino functionality of the quinazoline core of gefitinib, and their effects on NCI-H1975 cells were evaluated using gefitinib as a control ([Table 1](#pone-0048748-t001){ref-type="table"}). Among these compounds, V1801, V1802 and V1807 were found to exhibit much more potent cytotoxicity against NCI-H1975 cells than gefitinib, and V1801 is the most potent one, whose IC50 value of 3 µM is more than three folds lower than that of gefitinib ([Table 1](#pone-0048748-t001){ref-type="table"}). Generally, introduction of a trifluoromethylaniline moiety to the C4 position of the quinazoline core is an effective manner of improving the cytotoxicity. A bromine substituent at the C2\' position was found to be a suitable modification for higher activity (V1801 vs. V1802, V1805 and V1808). In addition, the piperidine moiety at the terminal of C6-substituent of these compounds is also superior by comparison with the corresponding morpholine, cyclohexane, azido, triazole and tetrazole functionalities.

Using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, we showed that V1801 displayed significant inhibitory effects against the proliferation of NCI-H1975 ([Fig. 1a](#pone-0048748-g001){ref-type="fig"}) and wild type EGFR-expressing A549 ([Fig. 1b](#pone-0048748-g001){ref-type="fig"}) cells in a dose-dependent fashion. By trypan blue exclusion analysis, we found that V1801 rapidly reduced viable NCI-H1975 ([Fig. 1c](#pone-0048748-g001){ref-type="fig"}) and A549 ([Fig. 1d](#pone-0048748-g001){ref-type="fig"}) cells in a dose- and time-dependent manner. We assessed V1801\'s effects on colony formation activity of the cells, and reported that as compared to gefitinib or vehicle control, V1801 drastically inhibited the clonogenic activity of NCI-H1975 cells ([Figs. 1e and 1f](#pone-0048748-g001){ref-type="fig"}).

![Effects of V1801 on NSCLC cells.\
(a, b) The cells were treated with gefitinib or V1801 for 48 h, and analyzed by MTT assay. (c, d) The cells were treated with gefitinib or V1801 for indicated time points and assessed by trypan blue exclusion analysis. (e) Soft-agar colony formation assay for NCI-H1975 cells treated with or without V1801 or gefitinib. (f) Quantitation of foci counting. The mean+SD of three independent experiments is shown. (g, h) NCI-H1975 (g) and HCC827 (h) cells were treated with V1801 or gefitinib for 12 h, lysed, and Western blot assay was performed using indicated antibodies.](pone.0048748.g001){#pone-0048748-g001}

We tested the effects of these gefitinib analogues on EGFR and showed that V1801, V1802 and V1805 exerted moderate inhibitory activity on EGFR kinase activity ([Table 1](#pone-0048748-t001){ref-type="table"}). V1801 had an IC~50~ on EGFR much higher than that of gefitinib (701.9 nM vs 11.2 nM; [Table 1](#pone-0048748-t001){ref-type="table"}), indicating that the new modifications made in analogue V1801 are workable but less superior for inhibiting EGFR kinase activity. By Western blot analysis in NCI-H1975 cells, both gefitinib and V1801 failed to down-regulate phosphorylated EGFR (p-EGFR) ([Fig. 1g](#pone-0048748-g001){ref-type="fig"}), while in gefitinib-sensitive HCC827 cells, gefitinib but not V1801 induced de-phosphorylation of p-EGFR ([Fig. 1h](#pone-0048748-g001){ref-type="fig"}). These results indicate V1801 might induce cell apoptosis via a mechanism independent of EGFR signaling pathway inhibition.

V1801 induces apoptosis of NSCLC cells in a caspases-dependent manner {#s3b}
---------------------------------------------------------------------

We next tested whether or not V1801 induces apoptosis of the cells. By Hoechst 33258 staining, it was showed in NCI-H1975 cells V1801 caused chromatin condensation and fragmentation which are typical apoptotic nuclear morphological changes ([Fig. 2a](#pone-0048748-g002){ref-type="fig"}). An annexin V/propidium iodide (PI)-staining and flow cytometry assays confirmed that treatment with V1801 for 24 h induced apoptosis in NCI-H1975 and A549 cells ([Fig. 2b](#pone-0048748-g002){ref-type="fig"}). By Western blot analysis, V1801 treatment was found to result in a marked increase in the active form of caspase-9, caspase-8 and caspase-3 and cleavage of poly(ADP-ribose) polymerase (PARP) in NCI-H1975 cells in a dose- and time-dependent fashion ([Fig. 2c](#pone-0048748-g002){ref-type="fig"}) and in A549 cells ([Fig. 2d](#pone-0048748-g002){ref-type="fig"}). When NCI-H1975 cells were pre-treated with a pan-caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp fluoromethylketone (z-VAD.fmk; 20 µM) for 1 h followed by treatment with V1801 at 3 µM for 12 h, V1801-induced apoptosis was suppressed ([Fig. 2e](#pone-0048748-g002){ref-type="fig"}), indicating that the activation of caspase cascade is essential for V1801-induced apoptosis in gefitinib-resistance cells.

![V1801 induces apoptosis of NSCLC cells.\
(a) NCI-H1975 cells were treated with gefitinib or V1801 for 24 h, and evaluated by Heochst33258 assay. (b) The cells were treated with gefitinib or V1801 for 24 h, and apoptotic cell death was analyzed by Annexin V/PI staining and flow cytometry. (c) NCI-H1975 cells were treated with V1801 or gefitinib (3 µM), lysed, and Western blot assay was performed using indicated antibodies. (d) A549 cells were treated with V1801 or gefitinib (3 µM) for 24 h, lysed, and Western blot assay was performed using indicated antibodies. (e) NCI-H1975 cells were pre-treated with z-VAD-fmk (20 µM) for 1 h followed by treatment with V1801 at 3 µM for 12 h, and the apoptotic cells were determined by Annexin V/PI staining and flow cytometry analysis. The mean+SD of three independent experiments is shown. \*\*, *P*\<0.01.](pone.0048748.g002){#pone-0048748-g002}

V1801 up-regulates Noxa in NSCLC cells {#s3c}
--------------------------------------

To elucidate the mechanism of action of V1801, its effects on the expression of antiapoptotic proteins (Bcl-xl and Mcl-1) and proapoptotic proteins (Noxa, Puma and Bim) of Bcl-2 family were tested in NSCLC cells with RT-PCR analysis. Interestingly, we found that V1801 strongly increased the expression of Noxa in a time-dependent manner ([Fig. 3a](#pone-0048748-g003){ref-type="fig"}). We then evaluated the effect of V1801 on protein level of Noxa, and found that treatment with V1801 at 3 to 4 µM for 24 h markedly up-regulated Noxa in NCI-H1975 cells ([Fig. 3b](#pone-0048748-g003){ref-type="fig"}). In NCI-H1975 cells treated with V1801 at 3 µM for 3 to 6 h, Noxa was drastically increased ([Fig. 3c](#pone-0048748-g003){ref-type="fig"}). In A549, HCT116, BGC823 and SGC7901 cells, treatment with V1801 at 3 to 6 µM for 24 h also up-regulated Noxa ([Fig. 3d](#pone-0048748-g003){ref-type="fig"}). However, gefitinib failed to up-regulate Noxa in these cell lines ([Figs. 3a through 3d](#pone-0048748-g003){ref-type="fig"}), indicating that these two compounds have totally distinct mechanisms in inducing apoptosis of lung cancer cells.

![Noxa plays a critical role in V1801-triggered apoptosis of gefitinib-resistant NSCLC cells.\
(a) RT-PCR analysis of the expression of *Noxa*, *Puma*, *Bim*, *Bcl-xl*, and *Mcl-1* at mRNA level in NCI-H1975 cells treated with gefitinib (3 µM) or V1801 (3 µM) for indicated time points. (b) NCI-H1975 cells were treated with V1801 at indicated concentration for 24 h, lysed, and analyzed by Western blot analysis using an anti-Noxa antibody. (c) NCI-H1975 cells were treated with V1801 at 3 µM for indicated time points, lysed, and analyzed by Western blot analysis using an anti-Noxa antibody. (d) Indicated cells were treated with V1801 or gefitinib for 24 h, lysed, and analyzed by Western blot analysis. (e) NCI-H1975 cells transfected with control or Noxa specific siRNA were treated with or without V1801 (3 µM) for 24 h, lysed, and Western blot analysis was performed. (f) Cells were transfected with siRNA and treated with V1801 as described in (e), then analyzed by Annexin V/PI staining and flow cytometry. (g) NCI-H1975 cells were treated with gefitinib or V1801, lysed, and immunoprecipitation/Western blot assays were performed using indicated antibodies. (h, i) NCI-H1975 cells were treated with V1801 or gefitinib for 24 h, lysed, cytosol and mitochondrial fractions were isolated by centrifugation, and Western blotting was conducted using indicated antibodies (h). The expression of cytochrome C was quantified by densitometry analysis and normalized against GAPDH or Hsp75 (i).](pone.0048748.g003){#pone-0048748-g003}

Up-regulation of Noxa is required for V1801-induced apoptosis of NSCLC cells {#s3d}
----------------------------------------------------------------------------

To evaluate its role in V1801-induced apoptosis, Noxa was silenced by specific siRNA ([Fig. 3e](#pone-0048748-g003){ref-type="fig"}), and the cells upon V1801 were analyzed by Annexin V/PI staining and flow cytometry. We found that knockdown of Noxa significantly attenuated V1801-induced apoptosis of NCI-H1975 cells ([Fig. 3f](#pone-0048748-g003){ref-type="fig"}), indicating that up-regulation of Noxa is essential for V1801-induced apoptosis. However, Noxa silencing could not completely abrogated V1801-induced cell apoptosis ([Fig. 3f](#pone-0048748-g003){ref-type="fig"}), suggesting that other factors might be involved in programmed cell death triggered by this gefitinib analogue.

Noxa can directly bind Mcl-1 and competitively release Bim or Bak from this apoptosis antagonist, leading to mitochondrial dysfunction and initiation of programmed cell death [@pone.0048748-Willis1], [@pone.0048748-Han1]. We performed co-immunoprecipitation and Western blot assays in V1801-treated NCI-H1975 cells, and found that V1801 but not gefitinib enhanced Mcl-1-Noxa binding affinity ([Fig. 3g](#pone-0048748-g003){ref-type="fig"}). We then examined the subcellular localization of cytochrome c by Western blot, while the expression of cytochrome C was quantified by densitometry analysis and normalized against GAPDH or Hsp75. We found that in NCI-H1975 cells treated with V1801 (3 µM) but not gefitinib (3 µM) for 24 h, cytochrome c was partially translocated from mitochondria to cytosol ([Fig. 3h and i](#pone-0048748-g003){ref-type="fig"}). These results illustrate that increased expression of Noxa mediates apoptosis induced by V1801 through mitochondria pathway.

Investigating the mechanisms underlying V1801-induced Noxa up-regulation {#s3e}
------------------------------------------------------------------------

Studies have shown that the p53, c-Myc and E2F1 can transcriptionally increase Noxa expression via direct binding to Noxa promoter [@pone.0048748-Ploner1]. We tested the expression of these transcription factors, and reported that only c-Myc was upregulated in NCI-H1975 cells treated with V1801 at 3 µM for 3 h ([Fig. 4a](#pone-0048748-g004){ref-type="fig"}). To determine its role in V1801-induced Noxa up-regulation and NCI-H1975 cell apoptosis, c-Myc was silenced by specific siRNA ([Fig. 4b](#pone-0048748-g004){ref-type="fig"}). We found that c-Myc silencing slightly suppressed V1801-caused Noxa expression ([Fig. 4c](#pone-0048748-g004){ref-type="fig"}) and programmed cell death in NCI-H1975 cells ([Fig. 4d](#pone-0048748-g004){ref-type="fig"}). To confirm these results, the c-Myc inhibitor 5-(4-ethyl-benzylidene)-2-thioxothiazolidin-4-one (10058-F4) [@pone.0048748-Yin1] was employed to inhibit c-Myc transcription function. The results showed that 10058-F4 partially repressed V1801-induced Noxa up-regulation ([Fig. 4e](#pone-0048748-g004){ref-type="fig"}) and cytotoxicity in NCI-H1975 cells ([Fig. 4f](#pone-0048748-g004){ref-type="fig"}).

![c-Myc\'s role in V1801-induced Noxa up-regulation.\
(a) NCI-H1975 cells were treated with gefitinib (3 µM) or V1801 (3 µM) for indicated time points, lysed, and Western blot assay was conducted using indicated antibodies. (b) Western blot analysis using lysates of NCI-H1975 cells transfected with control or c-Myc specific siRNA and anti-c-Myc antibody. (c) NCI-H1975 cells transfected with c-Myc specific siRNA were treated with or without V1801, lysed, and Western blotting was conducted using indicated antibodies. (d) NCI-H1975 cells transfected with c-Myc specific siRNA were treated with or without V1801, and evaluated by Anexin V/PI staining and flow cytometry. (e) NCI-H1975 cells were treated with indicated protocols for 24 h, lysed, and Western blot analysis was performed. (f) NCI-H1975 cells were treated with indicated protocols for 24 h, and assessed by MTT assay. \*, *p*\<0.05; \*\*, *p*\<0.01.](pone.0048748.g004){#pone-0048748-g004}

Previous studies showed that cisplatin can up-regulate Noxa in Erk dependent fashion, and inhibition of Erk by siRNA or small compound inhibitor U0126 markedly attenuated cisplatin-induced cell death as well as Noxa expression [@pone.0048748-Sheridan1]. We tested the effects of V1801 on Erk, and found that in NCI-H1975 cells treated with V1801 at 3 µM for 12 h, the phospho-Erk (p-Erk) was increased ([Fig. 5a](#pone-0048748-g005){ref-type="fig"}). Treated with V1801 for 24 h also down-regulated the phospho-signal transducers and activators of transcription 3 (p-STAT3) but not phospho-Rac-serine/threonine-protein kinase (p-Akt) ([Fig. 5a](#pone-0048748-g005){ref-type="fig"}). It was showed that U0126 could attenuate V1801-induced Noxa expression ([Fig. 5b](#pone-0048748-g005){ref-type="fig"}) and slightly (p = 0.06) reduced V1801-induced apoptosis of NCI-H1975 cells ([Fig. 5c](#pone-0048748-g005){ref-type="fig"}).

![V1801 interferes with Erk signal in NCI-H1975 cells.\
(a) NCI-H1975 cells were treated with gefitinib (3 µM) or V1801 (3 µM) for indicated time points, lysed, and Western blot analysis was performed. (b) NCI-H1975 cells were treated with indicated protocols for 12 or 24 h, lysed, and Western blot analysis was performed. (c) NCI-H1975 cells were treated with indicated protocols for 24 h, and apoptotic cell death was evaluated by Annexin V/PI staining and flow cytometry. (d) NCI-H1975 cells were treated for 24 h with BOR and/or V1801, and then assessed by MTT assay. (e) NCI-H1975 cells were treated with V1801 (2 µM), gefitinib (2 µM), BOR (10 nM), or their combinations for indicated time points. The cells were then lysed and subjected to Western blotting using indicated antibodies.](pone.0048748.g005){#pone-0048748-g005}

In mantle-cell lymphoma, Noxa activation is required for the proteasome inhibitor bortezomib induced apoptosis [@pone.0048748-PerezGalan1]. We tested the combined effect of V1801 and bortezomib on NCI-H1975 cells and found that bortezomib at 10 to 15 nM significantly enhanced V1801 (2 µM)-caused inhibition of cell proliferation ([Fig. 5d](#pone-0048748-g005){ref-type="fig"}). An analysis of the combination index (CI) [@pone.0048748-Hu1], [@pone.0048748-Chou1] indicated that the CI values were less than 1, indicating that these two agents could exert synergistic effects on NSCLC cells. At molecular level, we showed that treatment of NCI-H1975 cells with V1801 and bortezomib resulted in enhanced up-regulation of Noxa and activation of Casp-3 and cleavage of PARP ([Fig. 5e](#pone-0048748-g005){ref-type="fig"}). However, the up-regulation of p-Erk induced by V1801 was slightly attenuated by bortezomib ([Fig. 5e](#pone-0048748-g005){ref-type="fig"}).

*In vivo* anti-tumor efficacy of V1801 on xenograft mouse model {#s3f}
---------------------------------------------------------------

We tested the *in vivo* anti-tumor efficacy of V1801. To do this, nude mice were subcutaneously inoculated into the right flank with 2.5×10^6^ NCI-H1975 cells in 0.1 ml PBS. When the tumors reached a palpable size, the mice were randomized into 3 groups (n = 11 for each group) and oral administration with V1801 (30 mg/kg/day), gefitinib (30 mg/kg/day) or vehicle control for 3 weeks. Intriguingly, we found that V1801 significantly inhibited tumor growth compared to vehicle control or gefitinib (P\<0.05) ([Figs. 6a through 6c](#pone-0048748-g006){ref-type="fig"}). Animals were euthanized when they were treated for 3 weeks and the tumor samples were isolated and imaged ([Fig. 6c](#pone-0048748-g006){ref-type="fig"}). Proteins were extracted from tumor samples and Western blot assay was conducted. We found that in samples from mice treated with V1801, the expression of Noxa was up-regulated as compared to that in samples separated from vehicle or gefitinib control mice ([Fig. 6d and e](#pone-0048748-g006){ref-type="fig"}). These results demonstrate that administration of V1801 exhibits tremendous therapeutic potentials.

![*In vivo* therapeutic efficacy of V1801 on mice bearing gefitinib-resistant NSCLC cells.\
(a) Nude mice inoculated subcutaneously with NCI-H1975 cells were treated with gefitinib or V1801 for 3 weeks, and caliper measurements of the longest perpendicular tumor diameters were performed every two days to estimate the tumor volume. (b) Images of mice two weeks after initiation of the treatment. (c) Images of xenograft tumors obtained from mice. Eight representative tumors for each treatment group are shown. (d, e) Western blot analysis of lysates of tumor samples using indicated antibodies (d). Noxa expression was quantified by densitometry analysis and normalized against Actin expression (e).](pone.0048748.g006){#pone-0048748-g006}

Discussion {#s4}
==========

EGFR is a cell-surface receptor activated in more than half of patients with NSCLC, and this activation can be the result of protein over-expression, increased gene copy number, or genetic mutations [@pone.0048748-Herbst1]. Gefitinib\'s anti-lung cancer effects attribute to its binding to the adenosine triphosphate binding site in the tyrosine kinase domain of EGFR, thereby inhibiting EGFR kinase activity [@pone.0048748-Lynch1], [@pone.0048748-Shepherd1], [@pone.0048748-Tsao1], [@pone.0048748-Paez1]. Although many patients initially respond to gefitinib, resistance and tumor recurrence eventually develop. To overcome such drug resistance, novel mutant-selective EGFR kinase inhibitors against EGFR T790M were reported [@pone.0048748-Zhou1], and 4-pyrrylamino quinazolines as new gefitinib analogues were synthesized [@pone.0048748-Wu1]. In this study, we design, synthesize and evaluated a number of novel quinazoline derivatives by exchanging the positions of the C5 and C6 substituents and varying the C4-amino functionality of gefitinib, and report that compound V1801 having a trifluoromethyl group at the C5\'-position and a bromine at the C2\'-position of the aniline moiety substituted at the C4 position of quinazoline core overcomes gefitinib resistance via up-regulation of Noxa, suggesting a novel strategy to fight against NSCLC with EGFR T790M mutation.

The mitochondrial pathway of apoptosis constitutes one of the main safeguards against tumorigenesis, and the Bcl-2 family includes the central players of this pathway that regulate cell fate through the control of mitochondrial outer membrane permeabilization. Therefore, Bcl-2 family antagonists have been developed for cancer therapy [@pone.0048748-Lessene1]. To inhibit Mcl-1 pro-survival function, occlusion of Mcl-1 hydrophobic groove by BH3-only proteins represents an effective strategy [@pone.0048748-Llambi1]. Noxa belongs to the BH3-only proteins of the Bcl-2 family and is able to interact with Mcl-1, leading to initiation of apoptosis signals [@pone.0048748-Han1], [@pone.0048748-Hauck1], [@pone.0048748-Lin1]. Compared with the parental compound gefitinib, V1801 is a relatively weak EGFR inhibitor which bears a much more potent cytotoxicity in T790M EGFR-harboring NCI-H1975 cells ([Table 1](#pone-0048748-t001){ref-type="table"}). These results suggest that V1801 may have "off-target" effects in gefitinib-resistance NSCLC cells. We carry out experiments to investigate the mechanisms of action of V1801 by measuring the expression of Bcl-2 family members including Noxa, Puma, Bim, Bcl-xl and Mcl-1, and found that in NCI-H1975 and A549 cells upon V1801, Noxa is up-regulated at an early stage (3 h) at both mRNA and protein levels ([Figs. 3a through 3d](#pone-0048748-g003){ref-type="fig"}). In colon, gastric cancer cells and melanoma cells, V1801 also induces up-regulation of Noxa ([Fig. 3d](#pone-0048748-g003){ref-type="fig"}), suggesting that this mechanism is valid in a spectrum of cancer cells. While the expression of Mcl-1 in NCI-H1975 cells is not affected by V1801 treatment, Mcl-1-Noxa interaction is enhanced ([Figs. 3a and 3g](#pone-0048748-g003){ref-type="fig"}). Consequently, cytochrome C partially translocates from mitochondria to cytosol ([Fig. 3h and i](#pone-0048748-g003){ref-type="fig"}). These results indicate that V1801 can induce Noxa expression and trigger intrinsic apoptotic pathway, leading to activation of effector caspases and cleavage of PARP ([Fig. 2](#pone-0048748-g002){ref-type="fig"}). Interestingly, V1801 can also activate caspase-8 ([Fig. 2](#pone-0048748-g002){ref-type="fig"}), demonstrating that V1801 also activates the extrinsic apoptotic pathway and the mechanisms of action of this compound in inducing apoptosis are complicated and warrant further investigation.

The expression of Noxa is regulated by transcription factors HIF-1α, E2F-1 and p53 [@pone.0048748-Ploner1]. Recent studies show that in a variety of tumor cell types, the induction of Noxa by proteasome inhibitor bortezomib is directly dependent on the oncogene c-Myc [@pone.0048748-Nikiforov1]. Indeed, c-Myc not only regulates those genes capable of promoting cell growth and metabolism, but also activates apoptosis initiators [@pone.0048748-Dang1]. c-Myc amplifies mitochondrial apoptotic pathway by inhibiting anti-apoptotic Bcl-2 proteins and activating pro-apoptotic Bcl-2 family members such as BH3-only proteins [@pone.0048748-Hoffman1]. Here we report that c-Myc protein is up-regulated by V1801 treatment in NSCLC cells ([Fig. 4a](#pone-0048748-g004){ref-type="fig"}). However, c-Myc silencing by siRNA only slightly but not significantly (p = 0.14) attenuates V1801-caused programmed cell death of NSCLC cells ([Fig. 4d](#pone-0048748-g004){ref-type="fig"}). Given that Erk pathway can mediate Noxa up-regulation [@pone.0048748-Sheridan1] and Erk itself has pro-apoptotic function [@pone.0048748-Sheridan1], [@pone.0048748-Tong1], [@pone.0048748-Mei1], we test the effect of V1801 on Erk expression and report that this gefitinib analog increases p-Erk, but Erk inhibition only slightly (p = 0.06) suppresses V1801-induced apoptosis of H1975 cells ([Fig. 5c](#pone-0048748-g005){ref-type="fig"}). The results also suggest the complexity of the mechanisms of action of this compound in inducing apoptosis of lung cancer cells. In myeloma cells, bortezomib inactivates p-Erk and synergistically potentiates the apoptotic effects of a novel compound 6-O-Angeloylplenolin [@pone.0048748-Liu1]. Interestingly, we show that while bortezomib significantly enhances V1801-induced cytotoxicity ([Fig. 5d](#pone-0048748-g005){ref-type="fig"}) and up-regulation of Noxa ([Fig. 5e](#pone-0048748-g005){ref-type="fig"}) on NCI-H1975 cells, it antagonizes V1801-caused p-Erk activation ([Fig. 5e](#pone-0048748-g005){ref-type="fig"}). These results indicate that bortezomib, as a multi-target agent, may increase Noxa expression through other unidentified mechanism which warrants further investigation, and combined use of V1801 and bortezomib may have therapeutic potential in gefinitib-resistance NSCLC cells.

The *in vivo* studies show that in nude mice inoculated with NCI-H1975 cells, treatment with V1801 at 30 mg/kg per day significantly inhibits tumor growth, while gefitinib at the same dosage does not show therapeutic benefit ([Fig. 6a through 6c](#pone-0048748-g006){ref-type="fig"}). V1801 also up-regulates Noxa *in vivo* ([Fig. 6d](#pone-0048748-g006){ref-type="fig"}), and V1801-treated mice have smaller tumors and higher Noxa expression compared to those treated with vehicle control or Gefitinib ([Fig. 6e](#pone-0048748-g006){ref-type="fig"}). Therefore, our data indicates that gefinitib analogs with weak EGFR inhibitory activity can overcome TKI-resistance via activation of BH-3 only pro-apoptotic proteins, and V1801 represents a potential new therapeutic agent for patients with NSCLC.
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